To gain information concerning cardiorenal hemodynamics in essential hypertension, renal vascular disease, and chronic glomerulonephritis, indocyanine green was used to determine renal blood flow (RBF), renal blood volume (RBV), mean transit time (MTT), appearance time (AT), buildup time (BT), and passage time (PT), in 83 kidneys of 47 hypertensive patients and eight volunteers. Cardiac output (CO) was concurrently measured. Dye, injected into the renal artery, while renal venous blood was drawn through a cuvette densitometer, gave a reproducible curve within 7.7% + 2% with multi-exponential washout. RBF (dye) agreed closely (dye/PAH ratio = 1.04) with para-aminohippurate (PAH) estimated renal blood flow in 18 kidneys. The RBF and RBV were significantly higher in patients with essential hypertension with high cardiac output than in those with normal cardiac output and were reduced significantly in patients with renal vascular diseases, although CO was the same. The contour of dye curves differed between the various diseases due to significant differences in BT and PT. AT 
direct methods require adequate urine formation and tubular function and are invalid in the oliguric kidney. Unilateral estimation of renal blood flow requires the catheterization of both ureters, a procedure which is technically difficult and associated with high morbidity. It is desirable to find an accurate way to determine renal blood flow in man independent of formation of urine and renal tubular function and not requiring collection of urine. Gas diffusion techniques,5-10 isotopic washout procedures,111-3 and thermodilution14 illustrate principles underlying recent attempts to do this. 229 Gas diffusion techniques have several disadvantages. Kidney weight must be calculated indirectly. Concentration equilibration may not occur in the assigned time, depending on the disease or conditions of the experiment.'5 Inert gas methods present problems of unavoidable methodological errors and certain unknown variables.'6 Thermodilution techniques require multiple renal punctures with thermistor needles and are too complicated for routine use.
The measurement of renal blood flow by means of constant infusion or a single injection of an indicator dye was introduced by Shaldon 17 , 18 Walker, 19, 20 and Reubi2' and their associates. The single injection dyedilution method has proved to be an accurate and convenient method for evaluation of renal hemodynamics. This investigation explores further its usefulness in the evaluation of cardiorenal hemodynamics in patients with essential hypertension, renal vascular disease, and chronic glomerulonephritis, and presents an analysis of certain characteristics of the dye-dilution curve in these patients.
Methods
Determination of renal blood flow (RBF), cardiac output, cardiac index (CI), stroke index (SI), mean arterial pressure (MAP), total systemic resistance (TSR), renal blood volume (RBV), mean transit time (MTT), appearance time (AT), buildup time (BT) and passage time (PT) was made in normal subjects and hypertensive patients. Subjects
All patients were from the general medical wards of University and Veterans Administration Hospitals. Eight volunteers were studied in the Clinical Research Ward at University Hospital. Forty-seven hypertensive patients with systemic arterial blood pressures greater than 140/90 while hospitalized were studied also.
All patients and the normal subjects had a thorough medical work-up, including a complete history and physical examination, blood count, urinalysis, urine culture, determinations of serum blood urea nitrogen, creatinine, C02, sodium, potassium, and cholesterol, intravenous pyelogram, radioactive renogram, and aortography. Classification was based on the history and physical and laboratory data. Normal subjects had no history or evidence of cardiovascular, renal, or endocrine disease, and their family history was negative for diabetes or early onset of cardiovascular disease. Normal subjects were all male, ranging in age from 27 to 49 years, the mean age being 40 ±3.
Patients were classified as essential hypertensives if the studies, including renal biopsy in some, were negative for causes of secondary hypertension. They included eight men and six women, ranging in age from 20 rection factor (CF) was subtracted from the observed intervals in calculating the appearance time and mean transit time. Figure 1 represents a model of a renal dye curve. Definition of terms and symbols for descriptions were suggested by Wood and Swan. 34 Following recording of the dye curve, the arterial catheter was connected to a Statham strain gauge and renal artery pressures were recorded. Mean pressures were determined by electrical integration. The catheter was then withdrawn and pull-out pressure recorded, so that a gradient could be recorded if stenosis was present.
Next the venous catheter was removed from the renal vein and placed in the right atrium under fluoroscopy. Three cardiac outputs were determined by standard dye-dilution methods. The total peripheral resistance was calculated in terms of dynes sec cm. Stroke indices were higher in the patients with essential hypertension and high cardiac output than in the other groups except the Ciculation, Volume XXXV, February 1967 malignant hypertensive group, which also had a high stroke index because of the anemia found in two. The heart rate in all groups was essentially the same, ranging from 69 to 84. The total systemic resistance was not significantly different between the normals and the essential hypertensive group with high cardiac output (P < 0.2); but patients with essential hypertension and normal cardiac output had a significantly higher total systemic resistance than normals (P < 0.01); the highest value was found in patients with renal artery stenosis. Renal blood flow was higher in essential hypertensives with high cardiac output than in the normals (P <0.01). The normals and all essential hypertensives had higher renal flows than did patients in the other groups. Renal blood flow was 20.8% of cardiac index in all patients with essential hypertension and 18.9% in normals, an insignificant difference.
Renal blood volume in patients with essential hypertension with high cardiac output was higher than in normals (P <0.01). Patients with nephrosclerosis, glomerulonephritis, renal artery stenosis, and fibromuscular dysplasia had significantly lower renal blood volumes than did normals and essential hypertensives (P < 0.01).
The mean transit time was longer in patients with malignant hypertension, renal artery stenosis, and glomerulonephritis than in normals or essential hypertensives (P < 0.05).
The appearance time was shorter in essential hypertensives than in the nephrosclerosis (P < 0.01), malignant hypertension (P < 0.05), renal artery stenosis (P < 0.001), and glomerulonephritis groups (P < 0.001).
The buildup time was shorter in patients with essential hypertension than in normals (P <0.001), but longer in patients with malignant hypertension, renal artery stenosis, and glomerulonephritis than in the remaining groups.
The passage time in nephrosclerosis, malignant hypertension, renal artery stenosis, and glomerulonephritis was statistically longer than in the normal, essential hypertension, and fibromuscular dysplasia groups, and shorter .S. 40 Their tributaries anastomose freely within the kidney so that sampling from any one of them gives a fair representation of intrarenal mixing of dye. Reliable curves are recorded even if the injection is made into an accessory renal artery. Two of our patients had a main renal artery and one accessory renal artery. In both instances flow measurements revealed close agreement with the estimated PAH renal flow, and they were therefore included in our averages. Rarely, the renal vein may drain only a segment of the kidney. If dye is injected into the renal artery supplying only this portion of the kidney and if blood is sampled from the segmental vein, only segmental flow will be measured. This probably occurred in one of our patients (not included in this study) when injection into the main renal artery revealed a flow of 432 ml/min while injection into an accessory renal artery showed a flow of 283 ml/min. On the other hand samples from a vein not draining the injected area may not present a curve. Improper placement of the arterial or venous catheter with back leakage of dye into the aorta or improper sampling of vena caval constituents may result in faulty high flow values.
Indocyanine green is bound tightly to albumin and is not excreted in the urine4143 except in patients with proteinuria. Only when the patient has massive proteinuria are significant quantities of the dye lost in one circulation through the kidney. None of our patients had massive loss of protein. The influence of intrarenal storage of the indicator was investigated by Reubi which are governed by renal blood volume54 and flow through different areas in the kidney. Dye-dilution curves from the pulmonary circulation probably result from the uniform distribution of blood flow in the pulmonary circulation and give a single exponential disappearance curve. The same is true for the blood flow through the myocardium.55 Thorburn and associates56 have demonstrated that the decay curves in the kidney are more complex and result from a series of exponentials, which are associated with blood flow through localized regions of the kidney: (1) cortex, (2) outer medulla and inner cortex, (3) inner medulla, and (4) perirenal and hilar fat. Figure 5 shows two renal dye curves and a cardiac output dye curve replotted on semilogarithmic paper. The dye curves obtained from the renal circulation seem to be the result of two exponentials: the first with 
